Edited by Judit Ov adi BT_3567 protein, a putative b-glucosidase from Bacteroides thetaiotaomicron, exhibits higher activity toward Sop 3-5 (Sop n , n: degree of polymerization of b-1,2-glucooligosaccharides) than toward Sop 2 , unlike a known b-glucosidase from Listeria innocua which predominantly prefers Sop 2 . In the complex structure determined by soaking of a D286N mutant crystal with Sop 4 , a Sop 3 moiety was observed at subsites À1 to +2. The glucose moiety at subsite +2 forms a hydrogen bond with Asn81, which is replaced with Gly in the L. innocua b-glucosidase. The K m values of the N81G mutant for Sop 3-5 are much higher than those of the wild-type, suggesting that Asn81 contributes to the binding to substrates longer than Sop 3 .
b-1,2-Glucan is known to be important for symbiosis or pathogenesis in some Gram-negative bacteria. Rhizobium and Agrobacterium produce cyclic b-1,2-glucans for symbiosis with and infection of plants, respectively [1, 2] . Some Rhizobium species secrete cyclic b-1,2-glucans or accumulate them in the periplasm for adaptation to osmotic changes [3, 4] . Brucella abortus uses cyclic b-1,2-glucans to survive in its hosts through prevention of phagosome-lysosome fusion [5] . Linear b-1, 2-glucans are also found in some Agrobacterium species, and short linear b-1,2-glucans with branches are found in E. coli and Pseudomonas aeruginosa [6] [7] [8] . Cyclic b-1,2-glucan synthases have also been identified and characterized. These enzymes comprise a glycosyltransferase domain and a phosphorylase domain [9] . The former domain extends a sugar chain using UDP-glucose (Glc) as a substrate and the latter one adjusts the chain length. In contrast to the physiological roles of b-1, 2-glucan and cyclic b-1,2-glucan synthases, investigation of b-1,2-glucan-degrading enzymes has not progressed so much due to the limited availability of b-1,2-glucans.
Recently, 1,2-b-oligoglucan phosphorylase (SOGP), an enzyme that phosphorolyzes b-1,2-glucooligosaccharides [Sop n s, n represents degree of polymerization (DP)] with DP of 3 or more, has been identified in Listeria innocua [10] . The structure of SOGP from Lachnoclostridium phytofermentans has also been determined [11] . The identification of SOGP allowed the establishment of a practical preparation method for linear b-1,2-glucans [12] . A bacterial endo-b-1,2-glucanase Abbreviations BtBGL, BT_3567; Cel 2 , cellobiose; DP, degree of polymerization; FmBGL, GH3 b-glucosidase from Flavobacterium meningosepticum; GDL, gluconic acid d-lactone; Gen 2 , gentiobiose; GH, glycoside hydrolase; Glc, glucose; JMB19063, GH3 b-glucosidase from a compost metagenome; Lam n s, laminarioligosaccharides; LiBGL, GH3 b-glucosidase from L. innocua; pNP-Glc, p-nitrophenyl b-D-glucopyranoside; PUL, polysaccharide-utilization loci; SOGP, 1,2-b-oligoglucan phosphorylase; Sop n s, b-1,2-glucooligosaccharides.
from Chitinophaga arvensicola has been induced using synthesized linear b-1,2-glucans as a sole carbon source and the gene encoding the enzyme has been successfully identified, leading to the foundation of a novel glycoside hydrolase (GH) family 144 [13] [14] [15] . On the other hand, b-1,2-glucan-inducible b-glucosidase activity was reported along with the endo-b-1,2-glucanase activity in C. arvensicola [16] , but the gene encoding the b-glucosidase has not been identified.
In L. innocua, a GH3 b-glucosidase gene is located adjacent to a gene encoding an SOGP in the gene cluster. The GH3 enzyme (LiBGL) turned out to be a Sop 2 -degrading enzyme [17] . The difference in chain length specificity between SOGP and LiBGL suggests the cooperative action of the two enzymes in b-1,2-glucan metabolism. LiBGL shows the unique structural feature that there is sufficient space of subsite +2 for Sop n s, unlike in many of other structurally available GH3 b-glucosidases. This space allows LiBGL to act on Sop n s (n ≥ 3), even though poorly, implying that LiBGL is evolutionally related to yet unknown b-glucosidases preferring longer Sop n s.
In LiBGL, Arg572 is involved in substrate recognition at subsite +1 and is a key residue for its substrate specificity. The residue is highly conserved in LiBGL homologs. Among LiBGL homologs, GH3 b-glucosidases from Flavobacterium meningosepticum (FmBGL) and a compost metagenome (JMB19063) have been characterized [18, 19] . However, their actual function may remain unclear since the tested oligosaccharides (cellooligosaccharides) are too poor substrates for them to be utilized as natural substrates.
Bacteroides thetaiotaomicron is one of the major intestinal bacteria, and possesses many GH genes. The BT_3567 gene of this bacterium encodes a putative GH3 b-glucosidase (BtBGL), a close homolog of JMB19063 and FmBGL. In this study, we evaluated the catalytic properties of BT_3567, which exhibited higher activity toward Sop 3-5 than Sop 2 , unlike LiBGL, and determined the crystal structure of the enzyme, which provided insights into the structure-function relationship of Sop n s-degrading b-glucosidases.
Materials and Methods

Cloning, expression, and purification of BtBGL
The genome of B. thetaiotaomicron VPI-5482 was purchased from RIKEN BioResource Center (Ibaraki, Japan). The primers for amplification of the btbgl gene were 5 0 -CTTCC TGCATATGGCAGCGCAGAAGTCGCC-3 0 (forward) and 5 0 -GTACGACTCGAGTTTTAGCGTGAATCGTGC-3 0 (reverse) (NdeI and XhoI sites are underlined). The primers were designed to exclude a signal peptide region (residues [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and to fuse a His 6 -tag at the C-terminus. PCR was performed using KOD plus (Toyobo, Osaka, Japan) as a DNA polymerase as follows; 94°C for 2 min, and then 30 cycles of 94°C for 15 s, 50°C for 30 s, and 68°C for 2 min. The amplified product was digested with NdeI and XhoI, and then inserted into the corresponding sites of pET30a. The constructed plasmid was transformed into E. coli BL21 (DE3). The transformant was cultured in LB medium containing 30 lgÁmL À1 of kanamycin at 37°C until OD 660 reached 0.8. After 0.1 mM IPTG (final concentration) had been added to the medium, the mixture was incubated at 20°C overnight. Cells were collected by centrifugation at 3900 9 g for 5 min, suspended with 50 mM MOPS-NaOH (pH 7.0) containing 500 mM NaCl (buffer A), and then disrupted by sonication. A cell extract was obtained by centrifugation at 27 000 9 g (15 000 r.p.m.) for 10 min. The supernatant was filtrated with a 0.45 lm filter (Minisart, Sartorius, G€ ottingen, Germany) and then loaded onto HisTrap FF crude (5 mL; GE Healthcare, Buckinghamshire, UK) equilibrated with buffer A. The column was washed with the same buffer containing 10 mM imidazole until unbound proteins were not detected. The target protein was eluted with a linear gradient (10-300 mM) of imidazole in buffer A. The sample was dialyzed against 20 mM MOPS-NaOH (pH 7.0) and then concentrated with Amicon Ultra MWCO 30000 (Millipore, Billerica, MA). For crystallization, the sample was loaded onto a UnoQ column (Bio-rad, Hercules, CA) equilibrated with 50 mM MOPS-NaOH (pH 7.0). After the column had been washed with 10 mL of the same buffer, the target enzyme was eluted with a linear gradient (0-500 mM) of NaCl in the buffer. The eluate concentrated with Amicon Ultra MWCO 30000 was loaded onto Superdex 200 (Hiload 16/60; GE Healthcare) equilibrated with 50 mM MOPS-NaOH (pH 7.0) containing 150 mM NaCl. After the sample had been dialyzed against 20 mM MOPS-NaOH (pH 7.0), it was concentrated with Amicon Ultra MWCO 30000 to a concentration of 10 mgÁmL
À1
. Protein concentrations were determined by measuring the absorbance at 280 nm (the theoretical molecular weight of the enzyme is 83 849 and the extinction coefficient is 92 875 M À1 cm
) [20] . D286N and N81G mutants were constructed based on the manufacturer's protocol for a KOD mutagenesis kit (Toyobo). The primer pairs used for D286N and N81G were 5 0 -CTATACCGGAATCTCCGAAATGA 
Crystallography
Crystallization of the wild-type and D286N mutant was performed by the hanging-drop vapor-diffusion method. Each purified enzyme (1 lL) mixed with 1 lL of a reservoir solution (12.5% (w/v) PEG 3350 and 0.1 M sodium acetate) was incubated at 25°C for 3 days in a VDX Plate (Hampton Research, Aliso Viejo, CA). Crystals were soaked in the reservoir solution containing each ligand for 1 h to determine complex structures. Crystals of the wild-type were soaked in 1 mM gluconic acid d-lactone (GDL; Wako Pure Chemical Industries). D286N mutant crystals were soaked in 50 mM Sop 2 , 100 mM Sop 3 , or 200 mM Sop 4 . The reservoir solution containing 25% PEG 400 was used for cryoprotection. The crystals were cooled and then kept at 100 K in a nitrogen-gas stream during data collection. A set of X-ray diffraction data for a crystal was collected using a CCD detector on beamlines AR-NW12A, AR-NE3A, and BL-5A at the Photon Factory (Tsukuba, Japan). The diffraction data set was processed using iMosflm [21] and HKL2000 [22] . The structure of the GH3 enzyme (PDB ID: 3U4A) was used as a search model for molecular replacement. Molecular replacement was performed using MOLREP [23] to determine initial phases. Automated model building, manual model building, and refinement were performed using Buccaneer [24] , Coot [25] , and Refmac5 [26] , respectively. The quality of the structures was checked using the wwPDB validation server (http://wwpdb-validation.wwpdb.org/validservice/). The figures were prepared using PyMOL (http://www.pymol.org).
Results
General properties of BtBGL
BtBGL shows 70%, 66%, and 40% amino acid sequence identities with JMB19063, FmBGL, and LiBGL, respectively. Phylogenetically, LiBGL homologs are classified into two groups, as shown in Fig. 1A (The two groups are described as the LiBGL group and BtBGL group below). BtBGL possesses a type-I N-terminal signal peptide (residues 1-20), as judged on LipoP 1.0 analysis [27] , suggesting that the enzyme is located in the periplasm. BtBGL showed the highest activity toward pNP-Glc at pH 5.5 and at 40°C.
Substrate specificity of BtBGL
First, we performed kinetic analysis of BtBGL as to pNP-Glc. The kinetic parameters of the enzyme were
, indicating that BtBGL shows significant activity toward pNP-Glc (Table 1) like LiBGL. Then, the linkage position specificity was determined using b-linked gluco-disaccharides. BtBGL exhibited high hydrolytic activity toward Sop 2 
Overall structure of BtBGL
The crystal structure of apo BtBGL was determined at 1.6
A resolution ( Table 2 ). The structure showed that the monomer of the enzyme comprises three domains, Catalytic pockets in the apo structure and GDLcomplex structure
We obtained a complex structure with a BGL inhibitor, GDL, to understand the binding mode of the substrates and compared its catalytic pocket with that in the apo structure. In the apo structure, the catalytic pocket in subunit A is covered by a loop (residues 50-66, loop 1), while the corresponding loop in subunit B is disordered ( Fig. 2A,B) . In the complex structure with GDL, loop 1 covers the catalytic pocket completely in both subunits as in subunit A of the apo structure (Fig. 2C) . The GDL molecule binds to subsite À1 in both subunits, as judged on comparison with the LiBGL-GDL complex (Fig. 2D) . The GDL molecule forms a hydrogen bond with Thr59 in each catalytic pocket. This suggests that the closed conformation of the loop is stabilized by GDL, as observed in the LiBGL-IFG complex [17] . Loop 1 is disordered in other complexes of BtBGL, while the corresponding loop in LiBGL-IFG complex forms a helix outside its catalytic pocket in other complexes of LiBGL [17] . Though these loops might enhance inhibitory effects by inhibitors, it is difficult to predict actual physiological roles of the loop. In addition, a region corresponding to the loop 1 forms a loop and a short helix outside its catalytic pocket in JMB19063-ligands complexes (PDB ID: 3U48 and 3U4A). Another feature of the apo structure is that the side chains of Trp435 and Glu171 in subunit B adopt two conformations. The major conformation of the Trp435 side chain is lifted up and the major conformation of the Glu171 side chain shifts along with the movement of the Trp435 side chain ( Fig. 2A,B) . The both minor conformations adopt almost the same conformations as the ones in subunit A. In the GDL-complex structure, the positions of the Trp435 side chains in the two subunits are almost the same as those in subunit A in the apo structure.
The positions of three residues in BtBGL (Arg622 and Phe633 in the linker protruding from the adjacent subunit, and Tyr287) are almost the same as those in LiBGL and JMB19063 (Fig. 2D) , suggesting that the three BGLs share a similar subsite +1. Asp286 and Glu523 are also located at almost the same positions as the catalytic nucleophile and acid/base, respectively, in LiBGL and JMB19063, suggesting that catalytic residues are conserved among the three enzymes. The D286N mutant did not show activity toward pNP-Glc, confirming that Asp286 acts as the catalytic nucleophile.
Complex structures with Sop 2 and Sop 3
In order to understand the substrate recognition mechanism of Sop n s, Sop 2 , Sop 3 , and Sop 4 were soaked into the crystals of the D286N mutant. The electron (Fig. 3A top) . The position of Sop 2 in the mutant is similar to that in the LiBGL (D270A)-Sop 2 complex. All Glc moieties in the Sop 2 molecules adopt the 4 C 1 conformation. The catalytic pockets in both subunits are almost the same as that in subunit A in the apo structure. At subsite +1, the Glc moiety in Sop 2 is stacked with the aromatic rings of Tyr287 and Phe633, and forms several hydrogen bonds with Arg622 and Glu523 (Fig. 3A) .
Though soaking of the mutant crystal in Sop 3 was not successful due to precipitation of Sop 3 in the soaking solution, soaking in 200 mM Sop 4 led to the observation of electron density at subsites À1 to +2 in subunit B (Fig. 3B top) . Electron density of the Sop 2 moiety at subsites À1 and +1 was clearly observed, indicating that the Sop 2 moiety is located at almost the same position as Sop 2 in the BtBGL-Sop 2 complex. Slightly weak electron density was observed beyond the 1-OH of the Glc moiety at subsite +1 and fitted with a Glc moiety, suggesting that this position is subsite +2. Additional weak electron density was observed above the electron density at subsite +2 and could also be fitted with a Glc moiety (Fig. 3B bottom) , implying that the reducing end Glc moiety in Sop 3 could also adopt a minor conformation other than the major one shown in Fig. 3B top (Unless otherwise noted, the Sop 3 molecule refers to the major conformation below.). Electron density corresponding to subsite +3 was not observed probably due to disorder. However, the 1-OH of the Glc moiety at subsite +2 faces the solvent, implying that there is no steric hindrance for binding of longer Sop n s. In subunit A, the electron density at subsite +1 seemed to be a This difference between the subunits in the Sop 3 -complex might be due to crystal packing. Since the distance between the catalytic pockets in subunit A and its symmetry mate is shorter than that in subunit B, the space between the two catalytic sites in subunit A might be insufficient for accommodation of the two loops (residues 50-66) when both catalytic pockets are filled with Sop 4 . Thus, we describe only subunit B for the Sop 3 -complex below. The dihedral angles of the Sop 3 molecule at subsites À1 to +1 and +1 to +2 are / (O5-C1-O1-C'2) = À78.4°and w (C1-O1-C'2-C'1) = 129.5°, and / = À93.5°and w = 123.4°, respectively. The Sop 3 molecule contains intramolecular hydrogen bonds between the 3-OH at subsite +2 and the O5 or 6-OH at subsite À1 (Fig. 3B,C) like a free Sop 3 molecule with an assumed stable conformation [29] . These results suggest that the Sop 3 molecule adopts a stable conformation in the catalytic pocket.
At subsite +2, the Sop 3 molecule is recognized through hydrogen-bond interactions. Asp110 forms hydrogen bonds with the 3-OH and 4-OH groups in the Glc moiety of Sop 3 at subsite +2 (Fig. 3B,C) . Asn81 also forms a hydrogen bond with the 4-OH in the Glc moiety, though electron density of the side chain is relatively weak in the Sop 3 -complex unlike in the apo structure and Sop 2 -complex. The binding of Sop 3 (Sop 4 ) causes movement of the Asn81 side chain (approximately 2.0 A) (Fig. 3) . This motion is likely needed to accommodate Sop 4 because the Glc moiety of Sop 3 at subsite +2 is located very close (less than 2.0 A) to the side chain of Asn81 in the Sop 2 -complex and the apo structure. Asn81 forms new hydrogen bonds with the 4-OH of the Glc moiety at subsite +2, the 6-OH of the Glc moiety at subsite À1, and the Asp110 residue on the change of its position (Fig. 3) . When Sop 3 adopts the minor conformation, it is not necessary for Asn81 to be pushed away since the distance between Sop 3 (minor) at subsite +2 and the side chain of Asn81 in the apo structure is more than 3.6
A. The two conformations of Asn81 probably cause weak electron density of the Asn81 side chain.
Interaction with substrates at subsite +2 seems to be weaker than that at subsite +1, since no stacking interaction between the sugar ring and aromatic side chain is observed, unlike at subsite +1. This might allow the minor conformation of Sop 3 . Trp435 is a residue close to subsite +2. However, electron density of the Trp435 side chain is dispersed unlike the clearly fitted Trp435 in the Sop 2 -complex structure (Fig. 3A,B bottom) . This suggests that the side chain of Trp435 adopts multiple conformations. The distances between the CH2 and CZ3 atoms of Trp435 and the 3-OH and 4-OH groups of the Glc moiety at subsite +2 are within the range of 2.9-3.4 A, which is rather close as the distance between noncovalent C-O atoms (Fig. 3B,C) . Such a close distance might be related to the dispersed electron density of Trp435.
Considering these observations, recognition at subsite +2 depends on the hydrogen bonds with Asn81 and Asp110. Asn81 is conserved in many homologs in the BtBGL group, whereas the corresponding residues in many homologs in the LiBGL group are Gly (Fig. 1B) . Asp110 is a highly conserved residue among GH3 b-glucosidases. Overall, Asn81 is predicted to be important for substrate specificity.
Kinetic analysis of N81G
In order to determine the role of Asn81 in chain length specificity, kinetic analysis of the N81G mutant was performed. As shown in Table 1 , the K m values of the wild-type and N81G mutant for Sop 2 were similar. However, the K m values of the mutant for Sop 3-5 were 3-11 times higher than those of the wild-type, while the differences in k cat values for Sop [3] [4] [5] between the two enzymes are twice or less. These values led to 5-25 times reduction of k cat /K m values for Sop [3] [4] [5] . The k cat /K m values for Sop [2] [3] [4] [5] were obviously similar in the N81G mutant. In contrast to the wild-type showing an apparent preference for longer Sop n s, the N81G mutant does not prefer longer Sop n s substrates. Therefore, it is suggested that Asn81 is important for substrate recognition at subsite +2.
Discussion
In this study, we found that BtBGL is an enzyme preferring Sop n s with DP 3 or more as substrates. BtBGL showed sufficient hydrolytic activity even toward b-1,2-glucan (Table 1 ). In contrast, the activities of LiBGL toward Sop n s decrease significantly with increased chain length and LiBGL shows no detectable activity toward b-1,2-glucan [17] . Thus, the difference in chain length specificity between these two BGLs is remarkable.
In spite of the difference in chain length preference, the overall structures and shapes of the catalytic pockets of the two BGLs are similar (Fig. 3D) . At subsite +1, both BGLs recognize their substrates by hydrogen bonds with one arginine residue and stacking interaction with two aromatic residues (Fig. 3) . Around subsite +2 in BtBGL, the regions including Trp435 (BtBGL) and Trp409 (LiBGL) form similar surfaces of catalytic pockets. Though the side chains in the residues stacking the Glc moiety at subsite +1 in LiBGL (Tyr583 and Trp271) are larger than those in the corresponding BtBGL residues (Phe633 and Tyr287, respectively), this does not narrow the space corresponding with subsite +2 in BtBGL. Therefore, this space presumed to be subsite +2 in LiBGL is sufficiently large for accommodation of a Glc moiety. However, the LiBGL structure did not clearly indicate the precise position of subsite +2, since on soaking in Sop 3 there was no significant electron density at subsite +2 [17] . Therefore, the complex structure of BtBGL with Sop 3 is the first direct evidence of productive binding of Sop n s at subsite +2 among b-1,2-glucan-related b-glucosidases. Surprisingly, only Asp110 and Asn81 interact with the substrate through hydrogen bonds at subsite +2 in the D286N-Sop 3 complex structure. Asn81, which is conserved in the BtBGL group, is replaced with Gly in the LiBGL group (Fig. 1B) . Substitution of Asn81 with Gly resulted in a remarkable increase in the K m values for Sop [3] [4] [5] , that being critical evidence of the importance of Asn81 in the distinct substrate specificity of BtBGL. The corresponding Asn55 in the JMB19063 structure occupies a similar position to Asn81 residue in the BtBGL structure (Figs. 2D and 3C ) [19] . These observations imply that the BtBGL group shares the same substrate specificity.
Bacteroides species possess many polysaccharideutilization loci (PUL) in their genomes, implying their ability to utilize various carbon sources [30] . Uptake of carbohydrates depends on an assembly of SusC (a trans-outer membrane protein) and SucD (a sugar binding protein) proteins in these PULs. The gene cluster of the BtBGL gene (BT_3566-BT_3569) is predicted to be a PUL, since BT_3568 and BT_3569 are annotated as an SusD-like protein and an SusC-like protein, respectively, in the Polysaccharide-Utilization Loci DataBase [31] . BT_3566 is a homolog of Cpin_6279, an endo-b-1,2-glucanase (GH144), which hydrolyzes b-1,2-glucans to produce Sop n s [13] , this being consistent with the substrate specificity of BtBGL. Based on the prediction of signal peptides in Gram-negative bacteria [27] , BT_3569 possesses a type-I signal peptides like BtBGL (BT_3567), suggesting periplasmic localization of the protein. BT_3566 and BT_3568 possess type-II signal peptides, suggesting that they are secreted extracellularly. In addition, this locus is conserved in several Bacteroides species. Overall, it is considered that this locus is a PUL involved in the metabolism of b-1,2-glucans (PUL b-1,2-glucan ), and that BtBGL degrades Sop n s hydrolysates taken up into the periplasm after degradation of b-1,2-glucans outside the cell.
The determination of the function of BtBGL adds a new member to the b-1,2-glucan-degrading enzymes and clearly complements the degradation pathway for b-1,2-glucans. The structure-function relationship of BtBGL revealed the residues important for substrate specificity, which will provide important information enabling more precise functional prediction of b-glucosidases in GH3, a widely distributed family. 
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